An investigation of small-scale variations of magnetization of a red bed sequence in the Permian Lodbve Basin (southern France) has been carried out by means of 512 disc-shaped samples, each 25 mm in diameter and about 6 mm thick. It is found that magnetic intensity variations reaching an order of magnitude can occur over stratigraphic distances of only a few centimetres. These fluctuations show a clear lithostratigraphic control with intensity peaks systematically located at bed tops. Rock magnetic experiments and petrographic observations indicate that intensity variations are not due to changes in the amount or properties of the magnetic material. External causes, such as geomagnetic field fluctuations or superposition of reversed and normal components, can be ruled out. Petrographical evidence suggests that the magnetization is carried by detrital haematite grains and it is proposed that the controlling factor of intensity variations is the efficiency of alignment of these grains along the Earth's magnetic field. The characteristic intensity patterns with peaks near bed tops can be explained by post-depositional alignment of the grains, with the highest efficiency near the exposed surface. Grain mobility can be enhanced by mechanical perturbations (bioturbations, hydraulic phenomena), increased water content and reduced load. All these factors tend to see their effect diminish away from the surface and could therefore produce the observed magnetization pattern. The proposed model points to an early acquisition of the remanence in the Lodbve red beds.
INTRODUCTION
Red beds of all ages have been, and still are, extensively used for palaeomagnetic purposes because of their relatively strong magnetization. Yet the origin of this magnetization is always open to question and is much debated. In most cases the remanence is carried by haematite but whether it is acquired at an early stage of the rock history or much later, through diagenetic processes, is always the central problem in every study dealing with red beds.
Examples of depositional remanent magnetization (DRM) in red beds have been documented in which haematite is believed to carry a reliable recording of the geomagnetic field (Elston & Purucker 1979; Steiner 1983; van den Ende 1977) . In other cases the magnetization appears to be of chemical origin (CRM) and to have been acquired over several million years (Larson et af. 1982) . It is also possible to find both types of magnetization co-existing in the same rocks, carried by different mineral phases (Tauxe, Kent & Opdyke 1980; Tauxe et af. 1990) . Thus, there is no easy answer to the origin of magnetization in red beds, simply because many different types of rocks can be called red beds because of their common colour (Turner 1980) . As a result one should always carry out a careful analysis of the magnetization characteristics in each study dealing with such rocks.
The Permian sedimentary rocks of the Lod2ve Basin (southern France) are known to carry a stable remanence with characteristic Permian directions (Kruseman 1962; Evans & Maillol 1986; Merabet & Guillaume 1988 ), but they have never been subject to detailed rock magnetic analysis. The initial goal of our study was to investigate the possibility of extracting palaeosecular variation data from the L o d h e strata in order to study geomagnetic field behaviour during the Permo-carboniferous Reversed Superchron (Kiaman). The eventual need to assess the reliability of such results, and to investigate the 'resolving power' of the material, motivated a study of the fine-scale variations of magnetization. This led to the discovery of large magnetization intensity variations exhibiting strong lithostratigraphic control. The interpretation of these variations and its bearing on the origin of the magnetization constitute the main theme of this paper.
GEOLOGICAL SETTING
The Lodkve Basin is a subsidence zone at the southern margin of the French Massif Central and its present 350 km2 are only the remnant of a much larger Permian hasin (Odin 1986) . It contains approximately 3000 m of continental, mostly detrital, deposits. Recent studies (Nmila et al. 1989) indicate that volcanic relicts are very common in all members of the sequence, which points to a volcanosedimentary origin for the material filling the basin. The structure of the basin is that of a half graben controlled by two major faults in the south and southeast. A gentle southerly dip of the beds allows easy access to the.entire sequence along road cuts and river beds.
Briefly, the sedimentary sequence is divided into three major units (Odin 1986) . A t the base is a uniformly grey sequence interpreted as representing a fluvio-deltaic and lacustrine environment. Above it, an alternating sequence of grey and red rocks was deposited in a flood plain environment. Finally, the main part of the sedimentary column (up to 2000m) is represented by a sequence of red sandstones, siltstones and mudstones dated by palynological analysis to the Thuringian (Zechstein). Its depositional environment is thought t o have evolved from deltaic t o playa-style sedimentation, under a tropical, semi-arid climate. This last, uniformly red sequence, is the subject of our study.
SAMPLING A N D LABORATORY MEASUREMENTS
To carry out a fine-scale study of the remanence, 25mm diameter cores, typically 25cm long, were drilled at four different sandstone and siltstone horizons, as summarized in Table 1 . In one instance (site BLF), a 190cm sequence of fine sandstone/siltstone/fine sandstone was sampled continuously using several consecutive vertical cores. To allow horizontal variability of the remanence to be investigated, two sets of three parallel sections were sampled (sites BW, BLP) each spanning on the order of l m laterally. The fourth case (BLS) consists of a single massive sandstone bed. Despite much effort and frustration, the very brittle niudstone could not be drilled in such a way as to provide long continuous samples. However two suitable segments (BLMl , BLM3) were obtained from the mining core used in our previous study (Evans & Maillol 1986) .
On the scale of a few tens of centimetres lithological units are essentially homogeneous, but discontinuities of deposition and frequent dessication surfaces occur that give rise to natural breaks. All cores were cut into discs (total=512) 5-7 mm thick, using an ultra-thin diamond saw to minimize loss of material. Care was taken to avoid specimens straddling bed boundaries or conspicuous sedimentological discontinuities, in order to maximize homogeneity.
Remanence measurements were performed on a Molspin spinner magnetometer. Thermal demagnetizations were carried out in air, in a computer-controlled furnace placed in a magnetically shielded room, in which the field is less than 50 nT. Alternating field demagnetizations were performed using equipment allowing maximum peak fields of 0.18 T. Isothermal remanent magnetization experiments used a water-cooled electromagnet able to reach fields up to 1.75T. Finally, a Bartington meter was used to measure bulk susceptibilities. 
RESULTS A N D ANALYSIS

Remanent magnetization intensity variations
Previous studies (Kruseman 1962; Evans & Maillol 1986; Merabet & Guillaume 1988) , and additional stepwise thermal demagnetizations carried out in the present work, show that the red rocks of the Lodkve Basin carry two components of magnetization. A modern overprint is removed between 400 and 500"C, leaving a characteristic 0 520 -. Table 1 for details).
The most immediate observation is that substantial variations in the intensity of magnetization can take place over stratigraphic distances of only a few centimetres. and 7.0 between 1326 and 1346 mm). These intensity highs often exhibit asymmetric shapes with a gradual build-up terminated by an abrupt decrease at the top, as illustrated by the insets in Fig. 1 . Moreover, these abrupt decreases systematically coincide with bed boundaries or sedimentation discontinuities. Am2. The noise level of the instrument is always less than 0.4 x The intensity variations described above appear to be a ubiquitous feature of the red rocks of the Lodkve Basin and it is felt that they might well shed some light on the process of acquisition of the magnetization. Several processes can cause magnetization intensity variations; among them are fluctuations of the geomagnetic field, interplay of antipodal components, and changes in the amount, type, and/or properties of the magnetic mineral present. In an attempt to identify which mechanism is responsible we have undertaken a rock magnetic study to see if there are any systematic differences between 'high' and 'low' intensity samples. Here, and in the remainder of this paper, by 'high' we refer to those specimens responsible for the intensity peaks (intensities >13 x Am2 kg-') and corresponding to the top 2 c m of a sedimentary unit. By 'low' we mean those samples cut in the bottom 2-3cm of the same units (intensities <7 x Am2 kg-').
Thermal and alternating field (AF) demagnetization
Thermal decay curves show the removal of a small component with blocking temperature below 500 "C followed by a decrease of the remanence to a final sharp drop at 670°C (Fig. 4 ). This behaviour points to haematite as the main remanence carrier. The change in slope between 500 and 600 "C might possibly be due t o magnetite but none of the other experiments confirm the presence of a significant amount of this mineral.
The maximum field available for A F demagnetization is 0.18T, which is too low to achieve a complete demagnetization of haematite bearing rocks. Still, even incomplete results are interesting for they show that between 37 and 55 per cent of the NRM is destroyed at 0.18 T (Fig. 5) . This suggests that a good deal of the NRM is carried by relatively low coercivity grains. Unlike thermal treatment, A F demagnetization proves ineffective in removing the recent overprint, which thus appears to have a coercivity comparable to, or higher than, the characteristic remanence. In both thermal and A F demagnetizations no systematic differences can be observed between specimens with high and low NRM intensity.
Susceptibility and isothermal remanent magnetization (IRW
If remanence intensity variations were due to changes in the total amount of magnetic grains, one might expect to find a correlation between intensity and susceptibility. This is not so in our case as is shown in Fig. 6 which presents data corresponding to Fig. 1 . Susceptibility variations exist but show no correlation with NRM intensity values. However, it must be borne in mind that susceptibility by itself is not necessarily a good test for this purpose since it may be partly controlled by minerals (ferromagnetic, diamagnetic or paramagnetic) playing little or no role at all in the remanence.
A parameter directly related to remanence is more appropriate and specimens with high and low NRM were therefore subjected to IRM experiments. The maximum field available for the IRM analyses, 1.75T, is not quite sufficient to achieve complete saturation in our rocks, but the shape of the acquisition curves indicates that this was approached. One example, consisting of six stratigraphically consecutive samples, provides no evidence for a relationship between the intensity of maximum IRM and NRM, although a good correlation is found between maximum IRM and susceptibility (Fig. 7) . The consequence is that there is little doubt that NRM intensity variations are not due to fluctuations of the total amount of magnetic material.
Five examples of IRM acquisition/destruction curves are given in Fig. 8 . The observed behaviour is typical for red beds (see e.g. Dunlop 1972) , with a generally lower coercivity for the coarser grained samples. There is no evidence of two distinct magnetic phases in the siltstone, but the sandstone backfield curves exhibit a more rapid initial decrease indicative of a softer component. High and low NRM specimens d o not exhibit any systematic difference in behaviour and it is felt that large variations of NRM intensity, if they were due to corresponding variations of grain size, should show up in IRM curves. A particularly good example is given in Fig. 9 where two siltstone specimens with NRM ratio of 7.7 display almost identical be haviour . Thermal demagnetization of the IRM was also carried out using the method described by Lowrie (1990) , in which a specimen is given an IRM at three different fields along three orthogonal axes and is then subjected to incremental heating. The evolution of the three components of magnetization gives information on fractions corresponding to three different parts of the coercivity spectrum. In the three siltstone specimens investigated here, the low coercivity fraction (<O. 12 T ) initially decays more quickly than the others, but thereafter the three components follow similar paths with a sharp drop when 670°C is approached (Fig. 10) . This simple behaviour confirms that the only mineral playing a significant role in the magnetization is haematite and that no large heterogeneity can be expected in the magnetic carrier population. As in all preceding experiments no systematic difference can be found between high and low NRM specimens. 
PETROGRAPHIC ANALYSIS
Thorough petrographical observations on the Lodbve Basin sequence have been reported by Laversanne (1976) and Odin (1986) , but they did not concentrate on the opaque mineralogy. We have examined, both in transmitted and reflected light, ten thin sections of representative lithologies. In doing so we always had in mind the need to try to differentiate between high and low NRM samples and thin sections were obtained from both categories. The main constituents are quartz and feldspar embedded in a clayey matrix more abundant in the finer grained members of the sequence. Diagenetic overgrowth of these two minerals is very common. The cement is mainly siliceous and sometimes carbonaceous. Red haematite pigment is found associated with the clay matrix that is thought to be detrital and is thus less abundant in the sandstone. The pigment is also observed coating quartz and feldspar grains and it can often be found between grain contacts, which indicates that it was formed before full compaction. Another frequent observation is the covering of the pigment by a subsequent overgrowth of the host mineral, which again suggests an early formation of the coating. No crystalline structure can be observed optically in the pigment. These observations suggest that the pigmentary haematite was formed at a very early stage of the rock history and was possibly even deposited with the rest of the detrital fraction. Larger haematite grains (specularite) can be readily observed in all members of the sequence. In the siltstone they take the form of tiny crystals, typically 1-5 pm in size, 
IRM Intensity
Figure 7. IRM intensity (1.75 T) compared to NRM intensity (left) and to susceptibility (right) for six stratigraphically consecutive siltstone samples. NRM units as in Fig. 1 ; IRM intensities are in 10-3Am2 kg-I; susceptibility is given in 10-8m3 kg-I. Depths in mm. dispersed in the matrix. They are either red or black with an apparent randomness in their relative proportion. Red and black grains can often be observed in close proximity to one another, suggesting that the alteration indicated by the red colour did not take place in situ. Similar observations are reported by Elston & Purucker (1979) for the Moenkopi Formation of Arizona. A few larger grains (20-50pm) can also be found in the siltstone but make up only a small fraction (a few per cent) of the total haematite content.
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They generally show traces of in situ alteration and some of them may be authigenic although there is no unambiguous proof of this. In the sandstone, the tiny grains are also present but range in size up to 1 0 p m . They are less abundant because of the less abundant matrix. The larger grains are more numerous than in the finer rocks and roughly the size of the bulk of the detrital nonmagnetic grains (40-120 pm). They may be responsible for the observed softer component in the IRM acquisition/destruction curves (Fig. 8) . They vary from black to red with different degrees of alteration and again an apparent randomness in the distribution of altered and non-altered grains. The amount of pigmentary hematite is much smaller in the sandstone but otherwise no differences are observed in the pigment structure.
Macroscopic examination of high and low NRM samples reveals no differences in colour or texture, and the microscopic analysis revealed no differences eithersystematic variations in amount and size of all types of haematite grains or differences in the degree of alteration were looked for but none were found, nor were differences in the amount or distribution of the pigment found either.
The observations concerning the small grains strongly suggest that they are detrital. As mentioned earlier, it is now thought that the sediments filling the Lodeve Basin have a volcanic origin. The small haematite grains found in our rocks may therefore have been formed as primary haematite and thereafter been more or less altered within the parent rock and/or during transportation. Even the pigment, or at least a part of it, might have been brought into the basin associated with the clay matrix and with grains coated in the parent area. The general nature of the rocks indicates that they are rather immature and have undergone a relativley short transportation. The origin of some larger grains might be similar; others could be authigenic or formed by overgrowth of secondary haematite.
DISCUSSION
The experiments and observations described so far were meant to seek answers to three questions. What is the origin of the magnetization in the Lodeve red beds? What is the cause of the large, lithostratigraphically controlled intensity variations? And finally, what is the interconnection between these two issues? We must bring together all the magnetic and petrological observations and see if any coherent picture emerges.
Fluctuations of the geomagnetic field intensity (Collinson 1972) can be rejected because of the amplitude and frequency of the variations, but most of all because of the obvious lithostratigraphic control. The presence of antipodal components of magnetization with variable ratios (Larson et al. 1982) could also explain the observations. However, the total lack or normal polarities in the entire Lod2ve sequence and the simple behaviour of the specimens during stepwise demagnetization rules out the presence of widespread normal components. We are left with what can be called internal causes. The most obvious explanation is a simple variation of the amount of magnetic minerals present. Another possibility is a fluctuation of grain size; small single-domain grains carrying a stronger remanence than large multi-domain ones. Finally, one can also invoke a variation of specific remanence intensity of the magnetic grains, depending on their history.
Susceptibility and IRM results rule out total concentration direction. Then no fluctuations are needed in grain properties but only in the depositional and post-depositional conditions prevailing before consolidation of the rock. Indeed experimental studies have demonstrated how the intensity of magnetization can be enhanced by perturbations of the still unconsolidated sediments (Tauxe & Kent 1984; Ellwood 1984) . They show that intensity variations of an order of magnitude between perturbed and unperturbed sediments can be created by this process. Furthermore, in a continental, semi-arid environment like the one in which the Thuringian rocks of Lodkve were formed, the deposition is essentially discontinuous-periods of rapid sedimentation alternate with stages of no deposition. Therefore, the magnitudes of post-depositional processes are likely to vary stratigraphically, and maxima at bed tops can be expected since they correspond to longer periods of exposure. The nature of potential perturbations is unknown; bioturbations and water currents are possibilities that need to be considered. The actual degree of saturation (i.e. water content) can also influence the grain realignment; however, some studies have shown that its role is not as critical as that of perturbations (Verosub, Ensley & Ulrick 1979) . In the case of fine sediments deposited in a continental environment, a sufficient water content is necessary but probably not enough to ensure that the magnetic carriers will realign themselves.
variations as the cause of short-range intensity variations. Petrographic observations confirm this conclusion since they show no significant fluctuations in the amount of pigmentary or specular haematite. The effect of grain size variation cannot be entirely rejected on the basis of IRM acquisition experiments because of the poor resolution of the method. However, the amplitude of the intensity variations makes it unlikely that a corresponding grain size variation could go unnoticed in the coercivity spectra. Furthermore, this effect should be optically observable, but is not seen. We are left with the possibility that the intensity variations are caused by different specific magnetization intensity in haematite grains. This eventuality cannot be investigated without the ability to measure the magnetization of individual grains. This was done by Collinson in his attempt to explain intensity varations in the Bonito Canyon quartzite (Collinson 1972) and he found that specific intensity was not sufficiently variable to explain large NRM fluctuations. Of course this result is difficult to extrapolate to our case despite other similarities. A last hypothesis is that the NRM is carried out by only a fraction of the material capable of acquiring a magnetization. This is compatible with our results only if the non-magnetized fraction greatly overwhelms the magnetized one.
All the hypotheses examined so far involve properties of the grains and none is really satisfactory, but another possible interpretation is that intensity variations are due to a varying efficiency of the process of magnetization acquisition. The magnetic grains could be all the same everywhere but the way by which they record the geomagnetic field could vary in efficiency.
At this point it is appropriate to see what we can deduce about the actual origin of the magnetization. As is well known, the magnetization in red beds can be either chemical or depositional. The thin section analysis shows that three possible haematite remanence carriers are present in the sandstone-the large grains. the small crystals dispersed in the matrix, and the pigment. In the siltstone, this number is effectively reduced t o two because of the scarcity of large grains. The similarity of sandstone and siltstone NRM in all respects and especially under A F demagnetization suggests that the large haematite grains d o not play any significant role in the NRM, although they are probably responsible for the low coercivity component present in the sandstone IRM. The role of the pigment is more difficult to assess but the very small size of its constituents coupled with the relatively low coercivity of the NRM suggests that its role is subordinate. The best candidates as main NRM carriers are thus the small haematite crystals dispersed in the matrix. Their size (1-5 pm) puts them in the range of single-domain crystals and the most likely to acquire a strong magnetization (Dekkers & Linssen 1989) . As already seen these grains are probably detrital and this would suggest a similar origin for the NRM.
We can now examine which process, chemical or depositional can best explain lithologically controlled intensity variations. It is difficult to imagine a chemical process producing large intensity variations on a short range through the subtle changes permitted by the experimental results. On the other hand, depositional processes can easily create such variations through the more or less efficient alignment of magnetic particles along the Earth's field
CONCLUSIONS
The magnetization of the Lodkve red beds is characterized by large, lithostratigraphically controlled intensity variations with peaks near the top of individual strata. Variations of similar or even larger amplitudes have been reported in several other red bed formations but without mention of stratigraphic control (Collinson 1969; Irving & Runcorn 1957; Larson et al. 1982) . In our case the sharp intensity variations could only be noticed because of the unusual size of the samples (5-7mm thickness); had they been regular 25 mm cores most, if not all, of the peaks would have been smoothed out.
Rock magnetic experiments and petrographic observations suggest that no variation of intrinsic properties of the magnetic grains can be convincingly invoked. This leads us to explain the intensity changes by a difference in the effectiveness of the remanence acquisition process. This can more readily occur when depositional magnetization is involved, and since other evidence tends to confirm this, it is suggested that intensity changes are due to more or ICSS effective alignment of the magnetic grains in the direction of the ambient field. Because of the clear lithological control, the applied field intensity cannot be the factor governing the efficiency of the particle alignment. Therefore, the most likely controlling factor is the grain mobility depending on the magnitude of mechanical perturbations occasioned either by organisms or hydraulic phenomena.
We propose that the NRM is carried mainly by small haematite grains that are deposited with the rest of the detrital material. Post-depositional processes then act to improve the alignment of the magnetic grains. They are most effective near the surface of the unconsolidated layer and their effect diminishes downwards. The characteristic magnetic intensity decrease from top to bottom is produced by a combination of the decreasing impact of perturbations and of the increasing load that tends to hinder grain movements. The larger intensity peaks correspond to major sedimentation discontinuities during which organic and hydraulic activities have more time to act.
We feel that the combined weight of all the evidence indicates that the remanence carried by the Lodeve strata is primary, having been acquired during and very shortly after deposition. Furthermore, there is a suggestion that the process of magnetization is essentially discontinuous, individual beds being magnetized as a unit, rather like single cooling units in the T R M equivalent. If this is so, each bed can be regarded as a 'spot' reading of the geomagnetic field, and the entire stack becomes the analogue of a lava pile.
The proposed model is certainly not the only one possible but it is felt that it is the simplest, and most likely to describe the conditions prevailing during the acquisition of the magnetization in the Loditve red beds. It is of course impossible to generalize to other red bed formations but the widespread presence of magnetic intensity variations makes it tempting to think that it might be valid in several of them. Indeed it would be extremely interesting t o know if stratigraphically distributed intensity variations are a common feature of red beds known to carry a stable primary remanence.
A C K N O W L E D G M E N T S
Financial support was provided by the Natural Sciences and Engineering Research Council of Canada.
